Introduction {#S0001}
============

Paeonol (PAE, 2ʹ-Hydroxy-4ʹ-methoxyacetopheone) is a potential central neuroprotective agent that has potential therapeutic effects on many central neurodegenerative diseases, such as cerebral hypoglycemia hypoxia-reperfusion injury, Alzheimer's disease, Parkinson's disease, depression, neuronal aging and neuroinflammation.[@CIT0001] PAE belongs to Biopharmaceutics Classification System (BCS) class Ⅱ drugs. PAE is poorly water-soluble, which affects its passage through the hydration layer on the surface of the epithelial cells and thus affects gastrointestinal absorption.[@CIT0002] The pharmacokinetic results of PAE administered by oral and intravenous injection showed that its metabolism in vivo was rapid and it was difficult to maintain effective plasma concentration.[@CIT0003] The blood-brain barrier (BBB) ensures the central nervous system to maintain a high degree of homeostasis by strictly controlling the exchange of endogenous and exogenous substances between the brain area and the outside world. Fat-soluble molecules less than 400 Da can pass through BBB more effectively. Paeonol can be actively transported from circulating blood through BBB to the brain region. Its transport mechanism involves a carrier-mediated transport system, and the transport efficiency is closely related to concentration, pH and energy.[@CIT0004] The key to improve the clinical application of PAE in the treatment of neurodegenerative diseases is to improve the brain delivery of it.

Solid lipid nanoparticles technology is a nano-formulation based on the combination of solid lipid and liquid lipid as carrier material, which has obvious advantages in enhancing the stability of drugs in vivo and ensuring the biocompatibility of drug carriers.[@CIT0005] It is considered to be one of the most promising nano-drug delivery systems to be developed and put on the market. Solid lipid nanoparticles have a good effect on the loading of fat-soluble drugs. Drugs are encapsulated in the core in molecular or amorphous form and can be released slowly.[@CIT0006]

As a brain-targeting strategy, nose-brain transport pathway has been paid more and more attention by researchers, which can avoid the hepatic first-pass effect, bypass the blood-brain barrier, achieve non-invasive drug delivery and improve the bioavailability of brain regions.[@CIT0007] The main pathways of nose-brain transport are nerve pathway, mucous pathway, blood circulation pathway and lymphoid pathway.[@CIT0008],[@CIT0009] The neural pathway mainly based on olfactory nerve transmission is also called direct pathway, which can transport drugs directly from the olfactory area to the brain region with high transmission efficiency.[@CIT0010]

The secretion of nasal mucus, the nasal clearance caused by the rapid swinging of nasal cilia and the permeability of nasal mucosa are the main limitations of nasal administration.[@CIT0011] In situ gel is a new type of environmental response hydrogel, which can be used not only as drug storage but also as drug delivery carrier.[@CIT0012] The solution state of the gel before phase transition was a Newtonian fluid, which maintained a stable low viscosity level, made the preparation have good flowability, and was convenient for drug administration and dose control. After phase transformation, the gel was a typical pseudo-plastic non-Newtonian fluid with high viscosity and strength, as well as the rheological characteristics of shear thinning and thixotropic stress. In situ gel can be used in ophthalmic administration, nasal administration, rectal administration, vaginal administration and blood injection.[@CIT0013] According to the different response conditions, in situ gel can be divided into thermosensitive in situ gel, ion-sensitive in situ gel, pH-sensitive in situ gel and photosensitive in situ gel.[@CIT0013]--[@CIT0016]

In this study, the stability of PAE in simulated biological samples was studied firstly in order to clarify the reasons for low oral bioavailability. PAE had the pharmacokinetic characteristics of liver first-pass effect and rapid blood metabolism, which required a new delivery strategy to achieve its effective brain area accumulation. The purpose of this study was to construct a paeonol-solid lipid nanoparticles-in situ gel (PAE-SLNs-ISG) drug delivery system based on nose-brain transport pathway, and to perform related formulation optimization, preparation characterization, cell evaluation and in vivo evaluation.

Materials and Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

Paeonol (PAE \> 99%) was purchased from National Institutes for Food and Drug Control (Beijing, China). Dialysis bag (MW = 3500 Da) and Centrifugal filters (4 mL, MW = 3000 Da) were obtained from Amicon (Darmstadt, Germany). Fluorescein isothiocyanate (FITC), Cyanine7 NHS ester (Cy7), Deacetylated gellan gum (DGG), Vitamin E (VE), (4,5-Dimethylthiazol-2-yl) −2,5-diphenyltetrazo-liumbrom-ide (MTT) and 4ʹ,6-diamidino-2-phenylindole (DAPI) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Female SD rat liver microsomes and NADPH incubation system were purchased from the research Institute for Liver Diseases Co. Ltd. (Shanghai, China). Pepsin, trypsin, glycerin monostearate, soybean lecithin, poloxamer, Tween-80, mannitol, chlorinated acetate, glycerin (VG), borate buffer (pH 7.4) were obtained from Shanghai Yuanye Biological Technology Co., Ltd. (Shanghai, China). RPMI 2650 cells were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Male nude mice (20 ± 2 g) and Sprague--Dawley rats (200 ± 20 g) were purchased from Wuhan Sericebio Co., Ltd. (Wuhan, China). Animal experiments were performed with the approval of the Laboratory Animal Ethics Committee at Shandong University of Traditional Chinese Medicine and followed the guidelines of the National Act on the Use of Experimental Animals (China).

Stability of PAE in Simulated Biological Samples {#S0002-S2002}
------------------------------------------------

### Method for Content Determination of PAE {#S0002-S2002-S3001}

The content of PAE was determined by High Purity Liquid Chromatography (HPLC). The Agilent 1260 equipped with a UV detector and a Kromasil 100-5-C18 column (4.6 × 250 mm, 5 µm). The column temperature was 30°C, the mobile phase was methanol (60%): deionized water (40%), and the wavelength was 274 nm. The standard curve for the concentration (X) and peak area (Y) of paeonol was Y = 97.569X + 11.766, R^2^ = 0.9999.

### Artificial Gastric Juice {#S0002-S2002-S3002}

According to the requirements of the 2015 edition of Chinese Pharmacopoeia, artificial gastric juice was prepared: 16.40 mL of dilute hydrochloric acid, 800 mL of deionized water and 10 g of pepsin were mixed, and the volume was fixed to 1000 mL with deionized water. 52.40 mg of paeonol standard was accurately weighed and dissolved in methanol to a concentration of 10.48 mg/mL as the stock solution. One hundred microliters of paeonol stock solution was added to 10 mL of artificial gastric juice and incubated at 75 rpm. No pepsin was used as a negative control group. 0.5 mL was sampled at 0.25 h, 0.5 h, 1 h, 1.5 h, 2 h, 3 h, 4 h and 6 h, respectively. Each time point was an independent group. The sample was immediately added to 1 mL of methanol (4°C), oscillated by vortex for 1 min, and centrifuged at 12,000 rpm for 15 min. The supernatant was taken, passed through a 0.22 µm microporous membrane, and the content of paeonol was determined by HPLC. Each group was operated in parallel for three times. The experiment was carried out at 37°C.

### Artificial Intestinal Juice {#S0002-S2002-S3003}

Artificial intestinal juice was prepared according to the 2015 edition of Chinese Pharmacopoeia: 6.80 g of potassium dihydrogen phosphate was accurately weighed and dissolved in 500 mL of deionized water. The pH value was adjusted to 6.8 with NaOH solution (0.1 mol/L). Ten grams of trypsin was taken and dissolved in deionized water. The two liquids were mixed and diluted to 1000 mL with deionized water. One hundred microliters of paeonol stock solution (10.48 mg/mL) was added to 10 mL of artificial intestinal juice and incubated at 75 rpm. No trypsin was used as a negative control group. 0.5 mL was sampled at 0.25 h, 0.5 h, 1 h, 1.5 h, 2 h, 3 h, 4 h and 6 h, respectively. Each time point was an independent group. The sample was immediately added to 1 mL of methanol (4°C), oscillated by vortex for 1 min, and centrifuged at 12,000 rpm for 15 min. The supernatant was taken, passed through a 0.22 µm microporous membrane, and the content of paeonol was determined by HPLC. Each group was operated in parallel for three times. The experiment was carried out at 37°C.

### Liver Microsomes {#S0002-S2002-S3004}

A quantity of 16.60 mg of paeonol standard was precisely weighed and dissolved in methanol to 1.66 mg/mL. A quantity of 880 µL of phosphate buffer (0.1 M, pH 7.4) was mixed with 50 µL of liver microsomes (20 mg/mL) and incubated at 37°C for 5 min. The NADPH incubation system (containing 50 µL of solution A and 10 µL of solution B, mixed in an ice bath at 0°C) and 10 µL of paeonol solution (1.66 mg/mL) were added and the incubation was continued in a water bath at 37°C. The total volume of the incubation system was 1 mL. The incubation system without NADPH was the negative control group. The reaction was terminated by adding 2 mL of ice methanol solution at 5 min, 10 min, 20 min and 30 min, respectively. Each time point was an independent group. Samples were oscillated by vortex for 1 min and centrifuged at 12,000 rpm for 15 min. The supernatant was taken, passed through a 0.22 µm microporous membrane, and the content of paeonol was determined by HPLC. Each set of experiments was run in parallel for three times.

Preparation and Characterization of PAE-SLNs {#S0002-S2003}
--------------------------------------------

### Preparation of PAE-SLNs {#S0002-S2003-S3001}

PAE-SLNs were prepared by high-temperature emulsification--low-temperature curing combined with ultrasound ([Figure 1A](#F0001){ref-type="fig"}). Glycerin monostearate (100 mg), soybean lecithin (200 mg) and paeonol (10 mg) were dissolved in acetone: anhydrous ethanol (1:1, 5 mL, and 75°C) as organic phase. Poloxamer (125 mg) and Tween-80 (125 mg) were dissolved in deionized water (15 mL, 75°C) as water phase. The organic phase was blended dropwise to the water phase under intense magnetic stirring. The stirring continued for 1.5 h at 1500 rpm and the emulsification temperature was maintained at 75°C. PAE was stable at 75°C. The reaction was stopped until the organic solvent was completely evaporated and the colostrum system was concentrated to 10 mL. The colostrum was sonicated with an ultrasound probe for 6 min (working for 3 s, interval for 3 s). The colostrum was quickly injected into deionized water (2°C, 20 mL) under intense stirring. Stirring was continued for 2 h at 1500 rpm, the temperature of solidification in an ice bath was kept between 0°C ﻿and 4°C. The clear solution with blue light was the PAE-SLNs colloidal solution. The PAE-SLNs colloidal solution was added to a dialysis bag (MW = 3500 Da) and dialyzed in distilled water (2°C) for 3 h to remove excess surfactants. The colloidal solution was passed through a 0.45 µm microporous membrane. After pre-freezing at --80°C, it was freeze-dried to obtain PAE-SLNs freeze-dried powder.Figure 1(**A**) The scheme of preparation of PAE-SLNs by high-temperature emulsification--low-temperature curing combined with ultrasound. (**B**) Test scheme for gel strength. (**C**) Determination of in vitro mucoadhesion strength of gel by improved physical equilibrium method.**Abbreviations:** PAE, ﻿paeonol; PAE-SLNs, ﻿paeonol-﻿solid lipid nanoparticles; PAE-SLNs-ISG, ﻿paeonol-﻿solid lipid nanoparticles-﻿in situ gel.

The preparation of blank solid lipid nanoparticles (bSLNs) was the same as that of PAE-SLNs, except that no PAE was added. FITC-SLNs and Cy7-SLNs were prepared by the same process by replacing PAE (10 mg) with FITC (10 mg) or Cy7 (10 mg).

### Characterization of PAE-SLNs {#S0002-S2003-S3002}

#### Encapsulation Efficiency {#S0002-S2003-S3002-S4001}

The drug encapsulation efficiency (EE%) was determined by ultrafiltration centrifugation. Three milliliters of PAE-SLNs colloidal solution was placed in a 4 mL ultrafiltration centrifuge tube (MW = 3500 Da) and centrifuged at 3000 rpm for 40 min. The liquid in the lower part of the tube was collected and the content of free PAE was determined by HPLC. The liquid in the upper part of the tube was placed in a volumetric flask and the volume was fixed to 10 mL with methanol. The sample was demulsified by ultrasound for 5 min and centrifuged at 12,000 rpm/min for 15 min. The supernatant was taken and the content of PAE loaded was determined by HPLC. The EE% of PAE loaded in PAE-SLNs was calculated by the formula: $$\documentclass[12pt]{minimal}
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#### Particle Size and Zeta Potential {#S0002-S2003-S3002-S4002}

Appropriate amounts of bSLNs, PAE-SLNs, FITC-SLNs and Cy7-SLNs freeze-dried products were weighed and dissolved into 0.1 mg/mL with deionized water, respectively. The particle size and zeta potential of SLNs were determined using a dynamic light scattering (DLS) particle size analyzer (Zetasizer Nano ZS, Malvern Instruments Ltd, UK). Experiments were carried out three times.

#### Transmission Electron Microscopy (TEM) {#S0002-S2003-S3002-S4003}

The surface topography of PAE-SLNs was observed by TEM. PAE-SLNs were dissolved in deionized water to 0.1 mg/mL, dispersed by ultrasound for 3 min, and negatively stained with 2% phosphotungstic acid solution for 3 min. One drop was dripped on the ultra-thin carbon film, dried naturally and observed under the condition of 200 kV.

#### Fourier Transform Infrared Spectrum (FTIR) {#S0002-S2003-S3002-S4004}

PAE monomer, physical mixture, bSLNs and PAE-SLNs were ground and pressed with fully dried KBr particles under infrared lamp to prepare test samples, respectively. FTIR spectra were obtained from the Fourier infrared spectrometer (Agilent 660-IR, California, USA), and the wavenumber ranged from 4000 to 400 cm^−1^.

#### X-Ray Diffraction Analysis (XRD) {#S0002-S2003-S3002-S4005}

The crystal structures of PAE monomer, physical mixture, bSLNs and PAE-SLNs were characterized by an X-ray powder diffractometer. The uniform samples of 100 mg were weighed, respectively, at room temperature, Cu-Ka target, monochromator diffraction beam of graphite monochromator, tube flow: 40 mA, high pressure: 40 kV, scanning speed: 5°· min^−\ 1^, sweep angle (θ): 0 \~ 90°, and the diffraction patterns were recorded.

#### Differential Scanning Calorimetry (DSC) {#S0002-S2003-S3002-S4006}

The samples of PAE monomer, physical mixture, bSLNs and PAE-SLNs were analyzed by differential scanning calorimeter. Using a blank aluminum clamp as a reference, 5 mg of the sample was placed in an aluminum clamp, respectively, nitrogen atmosphere (flow rate: 50 mL/min), scanning temperature range: 30°C \~ 150°C, scanning rate 10.00°C min^−1^.

Preparation and Characterization of PAE-SLNs-ISG {#S0002-S2004}
------------------------------------------------

### Preparation of PAE-SLNs-ISG {#S0002-S2004-S3001}

In this prescription, deacetylation gel with good biocompatibility was used as a gelation matrix to prepare ion-sensitive in situ gel suitable for nasal administration. According to the method described by Hao,[@CIT0017] an appropriate amount of DGG was dispersed into distilled water at 90°C, maintained at this temperature and continuously stirred at 500 rpm for 1 h. After the DGG solution was cooled to room temperature, it was swelled at 4°C for 24 h. Under intense stirring, the bioadhesive hydroxypropyl methylcellulose (HPMC) was added to the solution quantitatively and swelled for more than 12 h. The humectant glycerin, antioxidant vitamin E and preservative chlorinated acetate were added to the solution under stirring, and stored at low temperature.

### Response Surface Methodology {#S0002-S2004-S3002}

The central composite design (CCD) method was used to study the effect of prescription changes on the properties of in situ gel. The content of DGG determined the response performance and gel strength of the gel, the content of HPMC had a significant effect on the bioadhesive strength of the gel, the content of VG was closely related to the storage stability of the gel solution and the compression resistance of the gel. The independent factors were DGG concentration (A), HPMC concentration (B) and VG concentration (C), solution viscosity (Y1) and gel viscosity (Y2) were selected as two dependent responses. The experiment was designed and evaluated by Design-Expert software (Stat-ease Inc., Minneapolis, MN, US). [Table 1](#T0001){ref-type="table"} shows the three-factor and five-level (−1.732, −1, 0, +1, +1.732) full factorial design of the in situ gel matrix. The ideal area of the formulation was established by CCD, and the prescription of PAE-SLNs-ISG was determined. The viscosity was measured at 34°C. Each group of samples was determined three times in parallel.Table 1Factors and Levels in the Optimization of PAE-SLNs-ISGFactorMinimum\
-1.732Coded Low\
-1Mean\
0Coded High\
+1Maximum\
+1.732A: DGG\
(% w/v)0.25000.33450.45000.56550.6500B: HPMC\
(% w/v)0.10000.18450.30000.41550.5000C: VG\
(% w/v)0.50000.81701.25001.68302.0000[^1]

### Characterization of PAE-SLNs-ISG {#S0002-S2004-S3003}

#### Viscosity {#S0002-S2004-S3003-S4001}

The rotary viscometer with a No. 3 rotor was used to measure the viscosity of in situ gel at 60 rpm and the results could be read directly. The measurements were carried out at 34°C and run three times in parallel.

#### Critical Ionic Concentration (CIC) {#S0002-S2004-S3003-S4002}

The critical ionic concentration represents the minimum ion concentration to promote the phase transition process, which is a basic parameter that reflects the environmental response performance of the ionic in situ gel.[@CIT0018] In order to evaluate the CIC effectively, the gelation time was set to 30 s. The formula of simulated nasal fluid (SNF) was 8.77 g sodium chloride, 2.98 g potassium chloride and 0.59 g calcium chloride dissolved in 1 L deionized water. One-milliliter ISG solution was placed in an ampoule, and different volumes of SNF were added, gently shaken and mixed, respectively. The gel solution could adhere to the bottom of the bottle without flowing or sliding from the bottle wall within 30 s, indicating that it formed a gel with certain strength and viscosity.

#### Gel Strength {#S0002-S2004-S3003-S4003}

Gel strength is an important parameter for evaluating the ability of the polymer to form and maintain gel morphology.[@CIT0019] [Figure 1B](#F0001){ref-type="fig"} shows the determination scheme of gel strength. An appropriate amount of in situ gel solution was placed in a 100 mL measuring cylinder, added SNF and shook it gently to form a uniform gel. The quality of the gel was 50 g. The time that the weight (35 g) sank 5 cm in the gel could be used to evaluate the gel strength.[@CIT0020]

#### Water Retention Capacity {#S0002-S2004-S3003-S4004}

The evaluation scheme of water retention capacity of the gel was based on the method described by Hosny KM.[@CIT0021] One milliliter of in situ gel solution was placed in a centrifuged EP tube which had been accurately weighed, 0.25 mL SNF was mixed uniformly to form ISG. The quality of the gel was recorded as M~1~. After centrifuging (6000 rpm) for 15 min, the separated water layer was absorbed with filter paper. The quality of gel was recorded as M~2~. Water retention capacity = M~2~/M~1~ \* 100%. The tests were carried out at 34°C and operated in parallel for three times.

#### Volume Expansion Coefficient {#S0002-S2004-S3003-S4005}

The volume expansion coefficient of PAE-SLNs-ISG gel was measured according to the method described by Vidhi Shah.[@CIT0022] One milliliter of in situ gel solution was mixed with 250 µL of SNF in a graduated tube and the volume (V~M~) was recorded as 1.25 mL. SNF (2 mL) was mixed into the gel and the final volume was V~F~. The volume of the gel after phase transformation was V~G~, V~G~=V~F~-2.0. The experiments were taken at 34°C and run in parallel for three times. The expansion coefficient (S %) of the gel is: $$\documentclass[12pt]{minimal}
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#### pH {#S0002-S2004-S3003-S4006}

The pH was obtained directly by a digital pH meter (INESA PHS-3C, Shanghai, China). The experiments were carried out at 34°C and run in parallel for three times.

#### In vitro Mucoadhesion Strength {#S0002-S2004-S3003-S4007}

As shown in ([Figure 1C](#F0001){ref-type="fig"}), the in vitro mucoadhesion strength was measured according to the improved physical equilibrium method.[@CIT0023] Briefly, the nasal mucosa was isolated from the fresh goat nasal cavity and stored in cold PBS (pH 7.4), which was used within 6 h. The olfactory mucosa was separated from the nasal cavity and the thickness was 0.6 mm. The nasal mucosa was fixed at the opening of two identical glass bottles (bottle A and bottle B), and the mucosa side was outward, respectively. Bottle A was attached to the balance arm with the bottle mouth down, and bottle B was placed on the support platform. The nasal mucosa of bottle B was uniformly coated with 50 mg of the in situ gel. Adjust the height of the support platform so that the mucosas of bottle A and bottle B all adhered to the in situ gel, and the balance arm was horizontal. The mucosas on both sides were in contact with the in situ gel for 2 min by an external force. Deionized water was added dropwise to the empty bag until the mucosa was separated from the in situ gel. Measurements were run in parallel for three times. The weight of water resulting in the separation of the mucosa from the gel was recorded as m (g), the contact area between the mucosa and the gel was recorded as A (cm^2^), and the gravity acceleration g was 980 cm·s^−2^. The formula for calculating the in vitro mucoadhesion strength is as follows: $$\documentclass[12pt]{minimal}
\usepackage{wasysym}
\usepackage[substack]{amsmath}
\usepackage{amsfonts}
\usepackage{amssymb}
\usepackage{amsbsy}
\usepackage[mathscr]{eucal}
\usepackage{mathrsfs}
\DeclareFontFamily{T1}{linotext}{}
\DeclareFontShape{T1}{linotext}{m}{n} {linotext }{}
\DeclareSymbolFont{linotext}{T1}{linotext}{m}{n}
\DeclareSymbolFontAlphabet{\mathLINOTEXT}{linotext}
\begin{document}
$${\rm Detachment\,Stress\, = \,{{m * g} \over A}}$$
\end{document}$$

#### Rheology {#S0002-S2004-S3003-S4008}

The rheological differences between ISG and PAE-SLNs-ISG were studied by the rheometer (Anton paar MCR302, Graz, Austria). An appropriate amount of sample was filled into the sample cell with a scraper and silicone oil was used to seal the sample cell. The cone-plate gap was set to 0.1 mm. Measurements were made at 34°C and operated in parallel for three times.

Rheological curves: Shear stress τ (Pa) and viscosity η (Pa · S) were recorded under the condition that the range of shear rate γ (S^−1^) was 0.01 \~ 1000 S^−1^, τ = f (γ) and η = f (γ) were plotted.

Stress--strain curves: strain (%) and modulus (Pa) were recorded under the condition that the scanning range of shear stress τ (Pa) was 0.01 \~ 100 Pa, strain (%) = f (τ) and modulus (Pa) = f (τ) were plotted. The frequency (speed) was set to 10 rad/s.

Frequency scanning curves: modulus (Pa) was recorded in the range of 0 \~ 100 rad/s, and the modulus (Pa) = f (Hz) was plotted. The loss factor tan δ was calculated and tan δ = f (Hz) was plotted. The shear strain was set to 1%.

In vitro Release {#S0002-S2005}
----------------

### Release of PAE from PAE-SLNs {#S0002-S2005-S3001}

The release of PAE from PAE-SLNs was investigated by the dialysis method. Twenty-milligram PAE-SLNs (containing 0.8 mg of PAE) was dissolved in 2 mL SNF and put in an activated dialysis bag (MW = 3500 Da). Twenty-five-milliliter SNF was used as the release medium, the oscillation condition was 100 rpm. The log P of PAE was 2.054. The saturated solubility of PAE in SNF was 0.56 mg/mL (34°C). The in vitro release experiment of PAE from PAE-SLNs was consistent with the requirements of leakage condition. Samples were taken at 1 h, 4 h, 8 h, 12 h, 24 h, 36 h, 48 h and 72 h time points for 1 mL, and at the same time, equivalent and isothermal SNF was added. The concentrations of samples were obtained from HPLC to calculate the cumulative release rate of PAE. Measurements were operated three times in parallel at 34°C.

### Release of PAE from PAE-SLNs-ISG {#S0002-S2005-S3002}

The release of PAE from PAE-SLNs-ISG was examined by the dialysis method. Ten milligrams of PAE-SLNs (containing 0.4 mg of PAE) was dissolved in 1 mL of deionized water and mixed with 9 mL of ISG to obtain PAE-SLNs-ISG. 0.125 mL SNF was added to 1 mL PAE-SLNs-ISG to form a gel. The gel and 2 mL SNF were put in a dialysis bag (MW = 3500 Da). Twenty-five-milliliter SNF was used as the release medium, the oscillation condition was 100 rpm. Samples were taken at 1 h, 4 h, 8 h, 12 h, 24 h, 36 h, 48 h and 72 h time points for 1 mL, and at the same time, equivalent and isothermal SNF was added. The concentrations of samples were obtained from HPLC to calculate the cumulative release rate of PAE. Measurements were operated three times in parallel at 34°C.

### Release Kinetics {#S0002-S2005-S3003}

The release mechanisms of PAE from PAE-SLNs and PAE-SLNs-ISG were studied by using zero-order kinetic model, first-order kinetic model, Higuchi kinetic model and Korsemeyer-Peppa kinetic model. Originpro 8.0 software (OriginLab, Massachusetts, USA) was used for data analysis.

Cell Evaluation {#S0002-S2006}
---------------

### In vitro Cytotoxicity {#S0002-S2006-S3001}

RPMI 2650 cells in the logarithmic growth phase were used for cell experiments. RPMI 2650 cells (5 × 10^3^) were seeded into a 96-well plate. One hundred-microliter serial concentrations (0.001 µg/mL, 0.01 µg/mL, 0.1 µg/mL, 1 µg/mL, 10 µg/mL, 100 µg/mL, 1000 µg/mL) of bSLNs, bSLNs (No removal of free surfactants), PAE-SLNs, PAE-SLNs (No removal of free surfactants), ISG and PAE-SLNs-ISG were added, respectively, and cultured for 24 h. MTT (0.5 mg/mL) was applied to each well and incubated at 37°C for 2 h. After the culture was terminated, the culture solution in the pore was carefully sucked out and DMSO (200 µL) was applied to each pore. The purple crystal (intracellular formazan salt) was fully dissolved in the absence of light. The optical density of the solution in each pore was measured using a microplate reader (RAD iMark, Bio-Rad, USA) at a wavelength of 492 nm and the cell viability was calculated.

### Live/Dead Double Staining Method {#S0002-S2006-S3002}

RPMI 2650 cells in the logarithmic growth phase were used for cell experiments. RPMI 2650 cells (5 × 10^3^) were seeded into a 96-well plate. One hundred microliters of 1000 µg/mL of bSLNs, bSLNs (No removal of free surfactants), PAE-SLNs, PAE-SLNs (No removal of free surfactants), ISG and PAE-SLNs-ISG were added, respectively, and cultured for 24 h. Sample cells were collected and the number of cells was within 1 × 10^6^. After washing twice with PBS, the cells were resuspended in 200 µL of Calcein-AM/PI staining solution and incubated at 4°C for 15 \~ 30 min in the dark. The cells were washed twice with PBS and resuspended, and observed under a Confocal Microscope (DM6000 B, LEICA, DEU). Under a Confocal Microscope, the living cells were yellow and the dead cells were red when excited at 490 nm wavelength. At the excitation wavelength of 545 nm, only red dead cells could be seen. All samples were tested in triplicate.

### Flow Cytometry {#S0002-S2006-S3003}

RPMI 2650 cells in the logarithmic growth phase were used for cell experiments. RPMI 2650 cells (1 × 10^5^) were seeded into a 6-well plate. The culture solution was discarded. The serum-free culture solution containing 100 µg/mL of FITC-SLNs was added and the culture was continued for 1 h, 4 h, and 6 h. After discarding the culture solution, the cells were washed with PBS and the supernatant was discarded. One milliliter of 0.25% trypsin was added to digest the cells, when the cells became round and some of them were suspended, PBS was added to terminate the digestion. A pipette was used to gently blow the cells and suspend them. The cell suspension was transferred into a centrifuge tube and centrifuged at 1500 rpm for 5 min at low temperature. The cells were suspended in PBS, 10,000 cells were collected to measure the fluorescence intensity, and the X-mean value was used to evaluate the time dependence of the cellular uptake of nanoparticles by Flow Cytometry (FACSVerse, Becton, Dickinson and Company, USA).

In vivo Evaluation {#S0002-S2007}
------------------

### Real-Time Biodistribution {#S0002-S2007-S3001}

Twelve male nude mice were randomly divided into two groups and fasted for 12 h before the experiment. One group was given 50 µL of Cy7-SLNs-ISG in unilateral nasal cavity by using the self-made applicator (0.5 cm deep into the nasal cavity), and the other group was injected with 200 µL of Cy7-SLNs physiological saline solution of the same content in the tail vein. After gas anesthesia at 5 min, 30 min, 1 h, 2 h and 4 h, respectively, the nude mice were observed in a supine position on the living imager (IVIS Lumina II, Calipera, USA). The software-controlled imaging dark box platform was raised and lowered to a suitable field of vision, and the lights turned on automatically (bright field) to take the first background picture. The lights turned off automatically, and the fluorescence (Ex/Em:749 nm/767 nm) emitted from the nude mice was photographed in the absence of an external light source (dark field). The position and intensity of fluorescence in nude mice were observed intuitively by the superposition of bright field and dark field. After the in vivo imaging experiment, the two groups of nude mice were anesthetized with chloral hydrate solution (400 mg/kg), and then the chest cavity was quickly opened to expose the heart. The heart was perfused with normal saline, washed until the clear liquid flowed out, and fixed with precooled 4°C polyformaldehyde. The nude mice were decapitated and the whole brain was taken by cutting the cranium along the middle line of the skull, and the heart, liver, spleen, lung and kidney organs were also obtained. The organs were placed on the platform of the imaging dark box and the fluorescence response of each organ was observed.

### Brain Area Distribution {#S0002-S2007-S3002}

Five male SD rats (200 ± 20 g) were fasted for 12 h before the experiment. The rats were given 50 µL of Cy7-SLNs-ISG in the unilateral nasal cavity by using the self-made applicator (0.5 cm deep into the nasal cavity). After 2 h, the rats were anesthetized intraperitoneally with chloral hydrate solution (400 mg/kg), and then the chest cavity was quickly opened to expose the heart. The heart was perfused with normal saline, washed until the clear liquid flowed out, and fixed with precooled 4°C polyformaldehyde. The rats were decapitated, and the cranium was cut along the middle line of the skull. The brain tissue samples were quickly placed in normal saline to remove the blood or content, and then imprinted on the filter paper. The samples were embedded in Oct paraffin and frozen in isopentane for 1 min at --80°C. The samples were rewarming at - 20°C for 30 min before sectioning, and the sagittal sections were made with a thickness of 10 µm. The observed brain areas included striatum, substantia nigra, cerebellum and olfactory bulb. The sections were stained with DAPI (Blue, Ex/Em: 358 nm/461 nm), and sealed with fluorescence anti-quenching agent after washing with PBS for three times, and then observed under Confocal Microscope (DM6000 B, LEICA, DEU) to record the distribution of Cy7-SLNs (Ex/Em: 749 nm/767 nm) in the brain region.

Statistics Analysis {#S0002-S2008}
-------------------

All data are expressed as average ± standard deviation (SD). The differences between groups were performed using Student's *t*-test or one-way analysis of variance (ANOVA). \*p \< 0.05, \*\*p \< 0.001 and \*\*\*p \< 0.0001 were considered statistically significant.

Results and Discussion {#S0003}
======================

Stability of PAE in Simulated Biological Samples {#S0003-S2001}
------------------------------------------------

Studies on the metabolic stability and mechanism of drugs in artificial gastric juice, artificial intestinal juice and in vitro liver microsomes are helpful to evaluate the adaptability of oral or intravenous administration of drugs, and provide a basis for the choice of administration routes and formulations.[@CIT0024] The metabolic stabilities of PAE in different simulated biological samples are shown in ([Figure 2](#F0002){ref-type="fig"}). The metabolic rate of the artificial gastric juice group was higher than that of the blank gastric juice group; the metabolic rate of the artificial intestinal juice group was higher than that of the blank intestinal juice group, indicating that pepsin and trypsin were involved in the metabolism of PAE in the gastrointestinal tract. After incubation for 6 h, the metabolic residual contents of PAE in blank gastric juice and artificial intestinal juice were 74.11% ± 2.52% and 93.29% ± 1.79%, respectively, indicating that the metabolism of PAE was pH-dependent. Compared with the effects of pepsin and trypsin on the metabolism of PAE, pH was a more important factor. After incubation for 1 h, both the metabolic residual contents of PAE in blank gastric juice and artificial gastric juice were higher than 90%. After incubation for 4 h, both the metabolic residual contents of PAE in blank intestinal juice and artificial intestinal juice were higher than 90%.Figure 2Stability of PAE in simulated biological samples. (**A**) Stability of PAE in artificial gastric juice; (**B**) stability of PAE in artificial intestinal juice; (**C**) stability of PAE in the liver microsomes metabolic system in vitro; (**D**) first-order metabolic half-lives of PAE in different simulated biological samples. Data are expressed as mean ± SD, n = 3.**Notes:** The differences between groups were performed using Student's *t*-test or one-way analysis of variance (ANOVA). \*\*\*p \< 0.0001 was considered statistically significant.**Abbreviations:** PAE, ﻿paeonol; NADPH, ﻿nicotinamide adenine dinucleotide phosphate.

The hepatic first-pass effect of drugs can be initially evaluated by the liver microsomes metabolic system in vitro.[@CIT0025] As shown in [Figure 2C](#F0002){ref-type="fig"}, the metabolism of PAE was extremely rapid in the liver microsomes metabolism system (liver microsomes + NADPH), and the metabolic residual content at 30 min was only 20.97% ± 2.99%. The metabolism of PAE in the blank liver microsomes (without NADPH) was significantly lower than that in the liver microsomes metabolic system. The metabolic type of PAE in the liver was mainly Phase I metabolism, and the main metabolites were 2, 4-dihydroxyacetophenone and four kinds of oxidative metabolites.[@CIT0026] Reduced nicotinamide adenine dinucleotide phosphate (NADPH) is an indispensable auxiliary factor in the biotransformation of many compounds, which is involved in the reaction of CYP450 enzymes, FMOs enzymes and other oxidases in liver microsomes.[@CIT0027]

The metabolic mechanisms of PAE in different simulated biological samples are shown in [Table 2](#T0002){ref-type="table"}. The metabolic mechanisms of PAE in artificial gastric juice, blank gastric juice, artificial intestinal juice, blank intestinal juice and liver microsomes were first-order kinetics. The metabolic mechanism of PAE in blank liver microsomes was not matched with zero-order kinetics or first-order kinetics, which might be related to enzymatic activity and the saturation effect. The metabolic half-life of PAE in liver microsomes was only 0.23 h ± 0.03 h, and the hepatic first-pass effect was significant. The metabolic half-lives of PAE in artificial gastric juice (10.49 h ± 0.27 h) and artificial intestinal juice (31.08 h ± 0.32 h) were 45 times and 135 times of that in liver microsomes, respectively.Table 2Metabolic Mechanisms of PaeonolSimulated Biological SamplesModelkt~1/2~ (h)Regression EquationR^2^Blank gastric juiceFirst order dynamics0.047014.74 ± 0.24y=−0.0470x+4.59130.99Artificial gastric juiceFirst order dynamics0.060910.49 ± 0.27y=−0.0609x+4.56690.97Blank intestinal juiceFirst order dynamics0.010466.63 ± 1.21y=−0.0104x+4.59770.93Artificial intestinal juiceFirst order dynamics0.022331.08± 0.32y=−0.0223x+4.58520.94Liver microsomesFirst order dynamics0.05070.23 ± 0.03y=−0.0507x+4.52770.99

The metabolic stability of PAE in simulated biological samples indicated that the hepatic first-pass effect of PAE was obvious, and PAE was not suitable for direct oral. As a neuroprotective agent for the treatment of central nervous system diseases, PAE should be protected by nano-encapsulation technology or administered by non-oral or non-venous route to increase the accumulation of it in brain regions. The brain area delivery of PAE based on nose-brain transport pathway is a potentially feasible strategy.

Preparation and Characterization of PAE-SLNs {#S0003-S2002}
--------------------------------------------

### Encapsulation Efficiency {#S0003-S2002-S3001}

The encapsulation efficiency of PAE-SLNs was 88.72% ± 2.13% determined by ultrafiltration. The encapsulation efficiency of solid lipid nanoparticles was affected by the solubility and dispersion of drugs in the matrix and the phase state of the lipid.[@CIT0028] PAE was a lipid-soluble drug, which could be well dissolved and dispersed in the mixed lipid matrix of glycerol monostearate and soybean lecithin. The O/W colostrum formed after high-temperature emulsification could form uniform liquid lipid nanoparticles by ultrasonic dispersion and the dispersion of PAE in the liquid lipid matrix was increased. This was beneficial to the rapid curing of liquid lipid nanoparticles in the process of low temperature curing to seal the drug, prevent drug leakage and increase the entrapment efficiency.

### Particle Size and Zeta Potential {#S0003-S2002-S3002}

The average particle sizes of bSLNs, PAE-SLNs, FITC-SLNs and Cy7-SLNs were 123.78 nm ± 1.30 nm, 166.79 nm ± 2.92 nm, 152.51 nm ± 2.51 nm and 142.27 nm ± 3.72 nm, respectively, which were consistent with the particle size requirements of nanomedicine. The particle size distribution ranges of bSLNs, PAE-SLNs, FITC-SLNs and Cy7-SLNs were all concentrated relatively, indicating that the sizes of the nanoparticles were relatively uniform. The particle size of PAE-SLNs was larger than that of bSLNs, which indirectly indicated that PAE was loaded successfully. The particle size of FITC-SLNs was lower than that of PAE-SLNs, which may be related to the difference ﻿in melting point. In the process of low-temperature curing, high melting point substances could quickly solidify in the lipid core to form smaller solid lipid nanoparticles.[@CIT0029]

Zeta potential has an important influence on the physical stability and cytocompatibility of the colloidal dispersion system. The zeta potentials of bSLNs, PAE-SLNs, FITC-SLNs and Cy7-SLNs were −8.74 mV ± 0.30 mV, −8.69 mV ± 0.21 mV, −11.45 mV ± 0.21 mV and −11.77 mV ± 0.45 mV, respectively. High zeta potential could increase the electrostatic repulsion between nanoparticles and prevent the aggregation of charged particles, but the excessive zeta negative potential could also increase the electrostatic repulsion between the nanoparticles and the cell membrane and then inhibit cellular uptake.[@CIT0030]

The polydispersity indexes of bSLNs, PAE-SLNs, FITC-SLNs and Cy7-SLNs were 0.223 ± 0.021, 0.241 ± 0.030, 0.243 ± 0.028 and 0.238 ± 0.019, respectively. Good polydispersity was beneficial to the physical stability of nanoparticles.

### Transmission Electron Microscopy (TEM) {#S0003-S2002-S3003}

The surface topography of PAE-SLNs was observed by TEM. As shown in [Figure 3A](#F0003){ref-type="fig"}, PAE-SLNs were polyhedral or spherical particles with good dispersion and the range of particle size were 100 nm \~ 150 nm. The particle size observed by TEM was smaller than that by DLS, the reason was related to the test method. The particle size determined by DLS was the addition of nanoparticles and the surrounding hydration layer. The morphology of nanoparticles can affect the uptake of cells, and the order is: sphere \> cube \> rod \> disk.[@CIT0031]

### Fourier Transform Infrared Spectrum (FTIR) {#S0003-S2002-S3004}

([Figure 3B](#F0003){ref-type="fig"}) shows the infrared spectra of PAE monomer, physical mixture, bSLNs and PAE-SLNs. In the infrared curve of PAE, the wide peak at 3065.27 cm^−1^ was the stretching vibration of phenolic hydroxyl group; the absorption peak at 1622.45 cm^−1^ was the stretching vibration of aryl ketone carbonyl group, which moved to a low wavenumber due to the conjugated action of benzene ring and carbonyl group. The strong absorption peak at 1250.65 cm^−1^ was the stretching vibration of C-O in aromatic ether; the stretching vibration appearing in 1650 \~ 1430 cm^−1^ was caused by benzene ring. In the infrared spectra of physical mixture, bSLNs and PAE-SLNs, the two absorption peaks at around 2852 cm^−1^ and 2926 cm^−1^ proved the existence of -CH~2~-. The stretching vibration of carbonyl group at about 1740 cm^−1^ and the stretching vibration of C-O-C at 1150 \~ 1200 cm^−1^ were the characteristic absorption peaks of esters. The infrared spectrum of PAE-SLNs was similar to that of the physical mixture, indicating that there was no old chemical bond breaking or new chemical bond formation in the formation of PAE-SLNs. There was no chemical interaction between the drug and the excipients, and the drug loading form of PAE was a physical loading. The characteristic peaks of PAE in the physical mixture and PAE-SLNs were not obvious, which may be related to the low content of PAE in the prescription.Figure 3(**A**) Transmission electron microscopy (TEM) images of PAE-SLNs. (**B**) Fourier transform infrared spectrum (FTIR) spectra of PAE, physical mixture, bSLNs and PAE-SLNs. (**C**) X-ray diffraction (XRD) patterns of PAE, physical mixture, bSLNs and PAE-SLNs. (**D**) Differential scanning calorimetry (DSC) thermographs of PAE, glycerin monostearate, physical mixture, bSLNs and PAE-SLNs. (**E**) In vitro release curves of PAE-SLNs and PAE-SLNs-ISG in SNF (34°C) over 72 h. Data are expressed as mean ± SD, n = 3.**Abbreviations:** PAE, ﻿paeonol; PAE-SLNs, ﻿paeonol-﻿solid lipid nanoparticles; PAE-SLNs-ISG, ﻿paeonol-﻿solid lipid nanoparticles-﻿in situ gel; bSLNs, ﻿blank solid lipid nanoparticles; SNF, ﻿simulated nasal fluid.

### X-Ray Diffraction Analysis (XRD) {#S0003-S2002-S3005}

The X-ray diffraction patterns of PAE, physical mixture, bSLNs and PAE-SLNs are shown in [Figure 3C](#F0003){ref-type="fig"}. The XRD of PAE revealed the distinct peaks at 2θ: 11.86°, 13.46°, 16.46°, 16.94°, 18.58°, 21.10°, 23.38°, 23.74°, 24.24°, 24.64°, 25.62°, 27.50° and 48.38°. The physical mixture showed the peaks at 2θ: 9.66°, 11.72°, 16.42°, 16.94°, 18.58°, 21.10°, 23.38°, 23.74°, 24.24°, 24.64°, 25.62°, 27.50° and 48.38°. The bSLNs showed the peaks at 2θ: 9.76°, 17.26°, 20.46°, 21.22°, 22.18°, 24.72°, 25.34°, 28.00°, 36.22° and 44.98°. The PAE-SLNs showed the peaks at 2θ: 9.60°, 20.34°, 21.08°, 22.02°, 24.58°, 25.22°, 27.82°, 36.08° and 44.84°. The sharp peak of PAE proved its good crystallinity. The diffraction characteristic peak of PAE appeared in the physical mixture, which proved that PAE still existed in the form of crystal. The characteristic peak of PAE disappeared in PAE-SLNs, indicating that PAE changed from crystal state to amorphous or molecular state and dispersed in the lipid matrix, which was consistent with the results of FTIR and DSC. The diffraction patterns of bSLNs and PAE-SLNs were similar, which showed that the doping of PAE in the lipid matrix had little effect on the morphology of SLNs.

### Differential Scanning Calorimetry (DSC) {#S0003-S2002-S3006}

The thermal behaviors of PAE, glyceryl monostearate, physical mixture, bSLNs and PAE-SLNs were studied by ﻿differential ﻿scanning calorimetry (DSC), and the results are shown in [Figure 3D](#F0003){ref-type="fig"}. 51.83°C and 73.83°C corresponded to the melting point of PAE and glyceryl monostearate, respectively, and the melting peaks of both were sharp, indicating that the two substances had complete lattice structure. There was only one melting peak in bSLNs, indicating that the excipients formed nanocomposites through physical interaction. The melting peak of PAE disappeared in PAE-SLNs, indicating that PAE in PAE-SLNs changed from crystal state to amorphous or molecular state. The melting point of PAE-SLNs (45.17°C) moved to a lower temperature than the two melting peaks in the physical mixture (49.50°C, 72.33°C) and the melting peak in bSLNs (51.50°C), this was because the dispersion of PAE in the lipid matrix increased the randomness of PAE-SLNs and decreased the Gibbs free energy of the lipid lattice. The melting enthalpy of solid substance was also directly related to the particle size. The higher surface energy of nanoparticles could form an energy suboptimal state, resulting in the "Gibbs-Thomson effect" or "Small size effect" and leading to the decrease in the melting point of lipids.[@CIT0032]

Preparation and Characterization of PAE-SLNs-ISG {#S0003-S2003}
------------------------------------------------

### Response Surface Methodology {#S0003-S2003-S3001}

Deacetylated gellan gum is a typical ionic sensitive gel matrix with good nasal compatibility.[@CIT0033] The abundant cations in the nasal mucus produced electrostatic shielding effect on the molecular chain, the double helix dimer of DGG molecule was polymerized and crosslinked to form a three-dimensional network structure by hydrogen bonding.[@CIT0034] If DGG was used as the only matrix of in situ gel, although it had high gelation responsiveness and gel strength, its surface was easy to form a hydration layer, which was easy to be cleaned out of the nasal cavity. The nasal mucosa was negatively charged and positively charged drugs, polymer materials or preparations could be firmly bonded to the nasal mucosa.[@CIT0035] HPMC with low molecular weight was an effective biological adhesive, the hydrogen bonds formed by hydroxyl groups in HPMC and water in nasal mucus could enhance the mucosal adhesion and nasal retention time of the gel.[@CIT0036] The three hydroxyl groups of glycerol could form hydrogen bonds with water molecules in the gel to avoid the dehydration of gel when stored and subjected to strong external forces.[@CIT0037]

The experimental design and results of CCD are shown in [Table 3](#T0003){ref-type="table"}. The effects of changes in the contents of DGG, HPMC and VG on Y1 and Y2 are shown in [Figure 4](#F0004){ref-type="fig"}. The empirical relationships between X and Y were consistent with the Quadratic model ([Table 4](#T0004){ref-type="table"}). The R^2^ value of Y1 fitting equation was 0.98 and the R^2^ value of Y2 fitting equation was 0.96. The ideal fitting equation could be used to describe and predict the relationship between independent variables and responses. With the increase of DGG concentration (A), HPMC concentration (B) and VG concentration (C), Solution Viscosity (Y1) and Gel Viscosity (Y2) increased. DGG concentration (A) and HPMC concentration (B) had greater effects on Solution Viscosity (Y1) and Gel Viscosity (Y2) than VG concentration (C). The influence of independent variables on Gel Viscosity (Y2) was higher than that on Solution Viscosity (Y1).Table 3Central Composite Design Experiments and Experimental ResultsRunsFactor 1\
A: DGG\
(% w / v)Factor 2\
B: HPMC\
(% w / v)Factor 3\
C: VG\
(% w / v)Response 1\
Solution Viscosity\
mPaResponse 2\
Gel Viscosity\
mPa10.33450.18450.817027.40 ± 0.39904.37 ± 10.4920.56550.18450.8170461.20 ± 3.251288.41 ± 9.4130.33450.41550.817086.77 ± 0.821000.98 ± 11.4940.56550.41550.8170994.07 ± 7.121763.26 ± 21.4450.33450.18451.683022.83 ± 0.11902.25 ± 17.2960.56550.18451.6830362.30 ± 2.471795.40 ± 30.4870.33450.41551.6830126.37 ± 1.071453.09 ± 16.3980.56550.41551.6830822.00 ± 6.331955.85 ± 22.2090.25000.30001.250073.07 ± 0.09846.51 ± 13.84100.65000.30001.2500914.87 ± 5.591955.82 ± 19.22110.45000.10001.250086.77 ± 0.111201.58 ± 23.04120.45000.50001.2500535.83 ± 2.371722.91 ± 21.89130.45000.30000.5000200.90 ± 0.921412.05 ± 13.90140.45000.30002.0000202.43 ± 1.201904.54 ± 26.77150.45000.30001.2500207.50 ± 0.421951.40 ± 20.16160.45000.30001.2500205.21 ± 1.381955.24 ± 18.53170.45000.30001.2500205.23 ± 1.221957.49 ± 19.36180.45000.30001.2500209.01 ± 2.031949.27 ± 20.66190.45000.30001.2500207.28 ± 0.911955.04 ± 18.30200.45000.30001.2500207.31 ± 0.621958.38 ± 25.01[^2] Table 4Regression Equations of the Fitted ModelsResponse YModelRegression EquationF-valueP-valueR^2^Y1: solution viscosity (34 °C)QuadraticY1 = + 207.00 + 273.87×A + 138.09×B - 16.66 × C + 103.71 × A × B - 38.25 × A × C - 3.62 × B × C + 100.84 × A2 + 39.95 × B2 + 3.41 × C297.87\<0.00010.98Y2: gel viscosity (34 °C)QuadraticY2 = + 1955.00 + 318.76×A + 155.95×B + 143.09×C - 1.47 × A × B + 30.98 × A × C + 17.48 × B × C - 208.51 × A2 - 188.09 × B2 - 122.59 × C228.47\<0.00010.96 Figure 4Three-dimensional surfaces and contour plots showing the influence of DGG, HPMC and VG. (**A**--**C**) 3D surface plots of DGG, HPMC and VG on solution viscosity; (a, b, c) contour plots of DGG, HPMC and VG on solution viscosity; (**D**--**F**) 3D surface plots of DGG, HPMC and VG on gel viscosity; (d, e, f) contour plots of DGG, HPMC and VG on gel viscosity; (**G, H**) target value ranges of solution viscosity and gel viscosity; (**I**) graphical optimization highlighting an area of operability.**Abbreviations:** DGG, ﻿deacetylated gellan gum; HPMC, ﻿hydroxypropyl methylcellulose; VG, glycerin.

The nasal cilia swing from the nasal cavity to the pharynx at a frequency of 1000 times/min (about 17 Hz), the mucus blanket formed by the nasal mucus moves with it, and generally, foreign bodies can be removed to the pharynx in 10--15 min.[@CIT0038] Foreign bodies then enter the digestive tract and are excreted out of the body, this clearance mechanism is an important form of nasal protection mechanism. Nasal preparations need to have a certain viscosity and strength to resist the removal of nasal cilia.[@CIT0039] However, if the viscosity and strength of the preparation are too high, it will cause irreversible physiological damage to nasal cilia and nasal mucosa, and destroy the integrity of nasal physiological function.[@CIT0040] In order to ensure the adaptability of nasal preparations for nasal administration, the viscosity of in situ gel after gelation should be controlled within a certain range. In addition, the viscosity of in situ gel in solution state is directly related to the accuracy and compliance of nasal administration, so it is also required to be controlled within a certain range. The ranges of target values of Solution Viscosity (Y1) and Gel Viscosity (Y2) are shown in ([Figure 4G](#F0004){ref-type="fig"} and [H](#F0004){ref-type="fig"}), and the ranges of possible values of DGG concentration (A), HPMC concentration (B) and VG concentration (C) are shown in [Figure 4I](#F0004){ref-type="fig"}. According to the optimized results, the formulation of PAE-SLNs-ISG was formulated, and the results are shown in [Table 5](#T0005){ref-type="table"}.Table 5Compositions of PAE-SLNs-ISGIngredientsFormulation Compositions (%, w/v)PAE-SLNs1.00DGG0.40HPMC0.30VG1.00Vitamin E0.01Chlorhexidine acetate0.01Distilled water100[^3]

### Characterization of ISG and PAE-SLNs-ISG {#S0003-S2003-S3002}

The key condition of nasal administration adaptability of in situ gel preparations is gelation ability, that is, the degree and speed of the gel phase transition.[@CIT0041] After the nasal administration of in situ gel, if the phase transition rate is too slow, the semisolid state of the preparation is too long, the drug or nanoparticles can diffuse rapidly from the gel and cause burst drug release. After mixing 1 mL of ISG and PAE-SLNs-ISG with 125 µL of SNF, respectively, the gel could be formed rapidly within 30 s. The gelation time and critical ion concentration were consistent with the requirements of nasal administration. A low requirement of critical ion concentration can increase the adaptability of the gel to the fluctuation of nasal physiological state, and at the same time, the rapid gelation at the position of administration can prevent the change of absorption position.

The two most important indexes of gel degree are viscosity and strength. Appropriate viscosity and strength can ensure the retention of gel in the administration position for a long time, increase the nasal absorption time, improve the nasal absorption efficiency, and then improve the nose-brain transport efficiency.[@CIT0042] The solution viscosities of ISG and PAE-SLNs-ISG were 151.27 mPa · S ± 1.61 mPa · S and 144.36 mPa · S ± 2.89 mPa · S, respectively. The gel viscosities of ISG and PAE-SLNs-ISG were 1638.32 mPa · S ± 22.91 mPa · S and 1542.19 mPa · S ± 19.30 mPa · S, respectively. The viscosities of both ISG and PAE-SLNs-ISG increased significantly after gelation (\*\*\* p \< 0.0001). The viscosity of PAE-SLNs-ISG in solution state was lower than that of ISG because the dilution effect of PAE-SLNs colloid solution mixed with ISG reduced the viscosity of the system. The viscosity of PAE-SLNs-ISG in the gel state was lower than that of ISG because the incorporation of PAE-SLNs had an effect on the cross-linking of DGG. It was worth noting that there was no significant difference in the viscosities of both ISG and PAE-SLNs-ISG in solution and gel state, indicating that the incorporation of PAE-SLNs had little effect on the adaptability of nasal administration of ISG. The gel strengths of ISG and PAE-SLNs-ISG were 29 s ± 2 s and 24 s ± 1 s, respectively, and there was no significant difference. It is generally believed that the gel strength of nasal preparations in 20 s \~ 50 s can effectively maintain the integrity of gel without affecting the gel retention in the nasal cavity for a long time.[@CIT0043]

The water retention capacity can be used to evaluate the storage and transport stability of the gel.[@CIT0044] The water retention capacities of ISG and PAE-SLNs-ISG were 97.23% ± 0.79% and 95.40% ± 1.17%, respectively, which had good preparation stability. The limited volume of the human nasal cavity raised a requirement on the volume expansion coefficient of the gel, and the volume expansion coefficient of the gel after gelation should be less than 5%.[@CIT0045] The volume expansion coefficients of ISG and PAE-SLNs-ISG were 3.79% ± 0.23% and 3.27% ± 0.19%, respectively. There are abundant capillaries and nerves in the nasal cavity of the human body. The thickness of the nasal mucosa is only 3 mm, and it is in direct contact with the external environment, resulting in the nasal mucosa more sensitive to external stimulus. The pH values of ISG and PAE-SLNs-ISG were 6.32 ± 0.09 and 6.43 ± 0.15, respectively, which were close to the normal physiological state of the human nasal cavity (pH 5.5 \~ 7.0), and could effectively avoid the physiological stimulation of nasal mucosa. The in vitro mucoadhesion strengths of ISG and PAE-SLNs-ISG were 4127.29 ± 59.21 dyne/cm^2^ and 4033 ± 76.47 dyne/cm^2^, respectively, and there was no significant difference. Certain adhesion strength of the preparation can ensure a long contact and effectively increase the nasal absorption level of the drug and nanoparticles.[@CIT0046]

### Rheology {#S0003-S2003-S3003}

The in situ gel drug delivery system based on the nose-brain transport pathway mainly transports drugs directly to the brain through the olfactory nerve pathway, and the administration position is the olfactory mucosa.[@CIT0047] It is difficult for conventional nasal preparations to reach the deep olfactory area, which affects the brain targeting the delivery of drugs. With ideal rheological properties, the preparation could reach and stably stay in the olfactory region, and the nose-brain transport efficiency of the drug could be significantly improved.[@CIT0048] [Figure 5](#F0005){ref-type="fig"} shows the rheological results of ISG and PAE-SLNs-ISG under different measurement modes.Figure 5Rheological evaluations of ISG and PAE-SLNs-ISG at 34°C. (**A, B**) The shear rate curves of ISG solution, ISG gel, PAE-SLNs-ISG solution and PAE-SLNs-ISG gel; (**C, D**) the stress--strain curves of ISG solution, ISG gel, PAE-SLNs-ISG solution and PAE-SLNs-ISG gel; (**E**, **F**) the frequency scanning curves of ISG solution, ISG gel, PAE-SLNs-ISG solution and PAE-SLNs-ISG gel.**Abbreviations:** ISG, ﻿in situ gel; PAE-SLNs-ISG, ﻿paeonol-﻿solid lipid nanoparticles-﻿in situ gel; τ, ﻿shear stress; η, ﻿viscosity; tan δ, ﻿loss factor; γ, ﻿shear rate; G', ﻿storage modulus; G", ﻿loss modulus; ω, ﻿frequency.

[Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"} are the shear rate curves of ISG and PAE-SLNs-ISG, which describe the variations of viscosity (a) and shear stress (b) with shear rate, respectively. With the increase of shear rate, the viscosities of ISG solution and PAE-SLNs-ISG solution remained stable at a low level, and the viscosities of ISG gel and PAE-SLNs-ISG gel decreased. The shear stresses of ISG solution and PAE-SLNs-ISG solution increased slowly with the rise of shear rate. The shear stresses of ISG gel and PAE-SLNs-ISG gel increased first and then decreased with the increase of shear rate. The shear rate curves of ISG solution, ISG gel, PAE-SLNs-ISG solution and PAE-SLNs-ISG gel all had the same trend. The results of shear rate curves showed that ISG solution and PAE-SLNs-ISG solution were typical Newtonian fluids, and the low viscosity level was beneficial to ensure the flowability of the preparation. ISG gel and PAE-SLNs-ISG gel were pseudo-plastic non-Newtonian fluids with rheological characteristics of shear thinning, which was beneficial to accelerate the erosion of gel and promote the drug release under the swinging of nasal cilia.

[Figure 5C](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"} are the stress--strain curves of ISG and PAE-SLNs-ISG, which describe the variations of modulus (c) and shear strain (d) with shear stress, respectively. The loss modulus (G") and the storage modulus (G') could assess the viscosity and the elasticity of samples, respectively.[@CIT0049] In the low-stress range, both the G" and the G' of ISG gel and PAE-SLNs-ISG gel kept steady, which showed that the gels had a typical 3D network space structure. The storage modulus (G') of ISG gel and PAE-SLNs-ISG gel decreased sharply with the continuous increase of shear stress, indicating that the gel had a yield value. The shear strains of ISG solution, ISG gel, PAE-SLNs-ISG solution and PAE-SLNs-ISG gel all increased with the increase of shear stress.

[Figure 5E](#F0005){ref-type="fig"} and [F](#F0005){ref-type="fig"} are the frequency scanning curves of ISG and PAE-SLNs-ISG, which describe the variations of modulus (e) and loss coefficient (f) with scanning frequency, respectively. At a certain timescale and a specific frequency, the relative relationship between loss modulus (G") and storage modulus (G') determined the main properties of samples. At low scanning frequency, the G" and G' of ISG gel and PAE-SLNs-ISG gel increased slowly and then maintained a stable level, indicating that the stability of the gel system was good. The loss coefficient tan δ = G/G'. If the tan δ became smaller, the elasticity of the preparation increased and the viscous behavior was less, and if it increased, the sample was easier to spread and the viscosity increased.[@CIT0050]

The rheological results of ISG and PAE-SLNs-ISG indicated that the rheological behavior of ISG and PAE-SLNs-ISG was similar. The incorporation of PAE-SLNs into ISG had no significant effect on the rheological behavior of the gel. ISG and PAE-SLNs-ISG in the solution state were low viscosity Newtonian fluids. Good fluidity ensured accurate administration and smooth arrival of the preparation of the olfactory mucosa. In the gel state, ISG and PAE-SLNs-ISG were non-Newtonian pseudoplastic fluids with shear thinning, thixotropy and yield values.

In vitro Release {#S0003-S2004}
----------------

The results of PAE released from PAE-SLNs and PAE-SLNs-ISG are shown in [Figure 3E](#F0003){ref-type="fig"}. At 1 h, the cumulative release rates of PAE from PAE-SLNs and PAE-SLNs-ISG were 7.34% ± 0.28% and 2.72% ± 0.33%, respectively. There was no burst drug release, which indirectly indicated that PAE was loaded in the core of PAE-SLNs. At 72 h, the cumulative release rates of PAE from PAE-SLNs and PAE-SLNs-ISG were 84.04% ± 2.71% and 64.89% ± 3.14%, respectively, and the drug release was relatively slow. The slow release of PAE could prolong the in vivo half-life and increase the bioavailability of the drug. The release of PAE from PAE-SLNs-ISG was divided into two consecutive processes: PAE-SLNs were first released from PAE-SLNs-ISG, and then PAE was released from PAE-SLNs. The gel formed by PAE-SLNs-ISG in response to cations had a 3D network structure, which offered a pathway for the release of PAE-SLNs from PAE-SLNs-ISG.

The five possible forms of drugs released from nanoparticles are as follows: desorption of drugs bound to the surface, diffusion through the nanoparticle matrix, diffusion through the wall of nano-capsules, nanoparticle matrix erosion and a combined erosion-diffusion process. [Table 6](#T0006){ref-type="table"} shows the kinetic mechanisms of PAE released from PAE-SLNs and PAE-SLNs-ISG. The release of PAE from PAE-SLNs conformed to the Higuchi model, and its release mechanism was diffusion. The release of PAE from PAE-SLNs-ISG was consistent with the Korsmeyer-Peppas model, and the release behavior was a synergistic effect of skeleton erosion and drug diffusion. The main ways to realize erosion of PAE-SLNs-ISG gel skeleton in nasal environment were the swinging of nasal cilia and the erosion effect of nasal mucus on the gel.Table 6Release Mechanisms of PAECompoundModelRegression EquationR^2^PAE-SLNsHiguchiQ~t~ = 10.1994t^1/2^ - 0.40660.98PAE-SLNs-ISGKorsmeyer-PeppasLog (M~t~/M~∞~) = 0.77463log(t) - 1.665390.96[^4]

Cell Evaluation {#S0003-S2005}
---------------

### In vitro Cytotoxicity {#S0003-S2005-S3001}

Cytotoxicity evaluation is an important part of cellular compatibility evaluation, which can determine the acceptable therapeutic concentration.[@CIT0051] The cytotoxicity of different SLNs to RPMI 2650 cells was studied based on the MTT method, and the results are shown in [Figure 6A](#F0006){ref-type="fig"}. The cell viabilities of bSLNs, PAE-SLNs, ISG and PAE-SLNs-ISG in the concentration range of 0.001 µg/mL to 10 µg/mL were higher than 90%, indicating good cellular compatibility. The cell viabilities of bSLNs and PAE-SLNs were similar at different concentrations, and there was no significant difference, indicating that the loading of PAE did not affect the superior cellular compatibility of SLNs. In the preparation of SLNs, excessive surfactants were added to ensure that the particle size of SLNs was in nanometer size, but excessive free surfactants could increase cytotoxicity.[@CIT0052] The cell viabilities of bSLNs (No removal of free surfactants) and PAE-SLNs (No removal of free surfactants) decreased significantly with the increase of concentration, and the cell viabilities at 1000 µg/mL were 24.20% ± 2.44% and 25.90% ± 0.35%, respectively, showing strong cytotoxicity. The cell viabilities of bSLNs and bSLNs (No removal of free surfactants) were significantly different at different concentrations, indicating the necessity of continued dialysis for 3 h in 4°C water after the low-temperature curing of SLNs.Figure 6(**A**) Cell viabilities of RPMI 2650 cells following treatment with bSLNs (0.001 \~ 1000 µg/mL), bSLNs (No removal of free surfactants) (0.001 \~ 1000 µg/mL), PAE-SLNs (0.001 \~ 1000 µg/mL), PAE-SLNs (No removal of free surfactants) (0.001 \~ 1000 µg/mL), ISG (0.001 \~ 1000 µg/mL) and PAE-SLNs-ISG (0.001 \~ 1000 µg/mL) for 24 h. Data are expressed as mean ± SD, n = 3. (b) Fluorescence intensity values from RPMI 2650 cells (a total of 10,000 cells) suspensions were quantified by flow cytometry. Single parameter histogram (**B**) and geometric mean fluorescent intensity (**C**) of RPMI 2650 cells which treated with FITC-SLNs (100 µg/mL) for 1 h, 4 h and 6 h, respectively. Data are expressed as mean ± SD, n = 3.**Notes:** The differences between groups were performed using Student's *t*-test or one-way analysis of variance (ANOVA). \*\*p \< 0.001 and \*\*\*p \< 0.0001 were considered statistically significant.**Abbreviations:** PAE-SLNs, ﻿paeonol-solid lipid nanoparticles; PAE-SLNs-ISG, ﻿paeonol-﻿solid lipid nanoparticles-﻿in situ gel; bSLNs, ﻿blank solid lipid nanoparticles; ISG, ﻿in situ gel; RPMI, ﻿human nasal epithelial cells; FITC-SLNs, ﻿fluorescein isothiocyanate-solid lipid nanoparticles.

### Live/Dead Double Staining Method {#S0003-S2005-S3002}

Calcein-AM is a cell staining reagent that can fluorescently label living cells. Calcein-AM can easily penetrate the membranes of living cells by enhancing the hydrophobicity based on Calcein.[@CIT0053] When it enters the cytoplasm, it will be hydrolyzed into Calcein by esterase and remain in the cell, emitting strong green fluorescence.[@CIT0054] Calcein-AM is the most suitable fluorescent probe to stain living cells because of its low cytotoxicity. The excitation and emission wavelengths of Calcein are 490 nm and 515 nm, respectively. As a nuclear dye, Propidium Iodide (PI) cannot pass through the cell membrane of living cells.[@CIT0055] It passes through the disordered region of the dead cell membrane to reach the nucleus and is embedded in the DNA double helix of the cell to produce red fluorescence (excitation wavelength: 535 nm, emission wavelength: 617 nm), so PI only stains dead cells.[@CIT0056],[@CIT0057] Since both Calcein and PI-DNA can be stimulated at 490 nm, both living and dead cells can be observed simultaneously by fluorescence microscopy. Only dead cells can be observed when stimulated at 545 nm. The viabilities of RPMI 2650 cells after co-incubation with bSLNs, bSLNs (No removal of free surfactants), PAE-SLNs, PAE-SLNs (No removal of free surfactants), ISG and PAE-SLNs-ISG at 1000 µg/mL are shown in [Figure 7](#F0007){ref-type="fig"}. The red fluorescence intensity of dead cells in bSLNs group, PAE-SLNs group, ISG group and PAE-SLNs-ISG group was similar to that in the blank group, indicating that the viability of cells was good. The red fluorescence intensity of dead cells in bSLNs group (No removal of free surfactants) and PAE-SLNs group (No removal of free surfactants) was significantly higher than that in the blank group. The results of Live/Dead double staining method were consistent with those of the MTT method, which indicated that bSLNs, PAE-SLNs, ISG and PAE-SLNs-ISG had acceptable cytotoxicity in a wide range of concentrations.Figure 7Calcein-AM/PI double staining method stained living cells and dead cells. Living cells were stained with Calcein-AM (green) and dead cells were stained with PI (red).**Abbreviations:** PAE-SLNs, ﻿paeonol-﻿solid lipid nanoparticles; PAE-SLNs-ISG, ﻿paeonol-﻿solid lipid nanoparticles-﻿in situ gel; bSLNs, ﻿blank solid lipid nanoparticles; ISG, ﻿in situ gel; PI, ﻿propidium ﻿iodide.

### Flow Cytometry {#S0003-S2005-S3003}

Flow cytometry can be used for multi-parameter rapid quantitative analysis of cells in rapid linear movement.[@CIT0058] In this experiment, the uptake of solid lipid nanoparticles by RPMI 2650 cells was semi-quantitatively analyzed by flow cytometry, and the results are shown in [Figure 6B](#F0006){ref-type="fig"} and [C](#F0006){ref-type="fig"}. The geometric mean fluorescent intensities of RPMI 2650 cells incubated with FITC-SLNs for 1 h, 4 h and 6 h were 1841 ± 24, 2261 ± 27 and 2757 ± 22, respectively, indicating that FITC-SLNs had good cellular compatibility and could be ingested efficiently by cells.

In vivo Evaluation {#S0003-S2006}
------------------

The biological distribution of nanoparticles is determined by a non-invasive in vivo imaging system of small animals.[@CIT0059] The low autofluorescence interference of athymic nude mice makes it an ideal animal model for in vivo fluorescence imaging.[@CIT0060] [Figure 8A](#F0008){ref-type="fig"} shows the difference of real-time biological distribution between the administration of SLNs by tail vein and the administration of SLNs-ISG in the olfactory area. After administration of Cy7-SLNs-ISG through the olfactory area, Cy7-SLNs showed fluorescence response in the brain region and showed a tendency of accumulation in the brain with the prolongation of transport time. Cy7-SLNs showed significant liver accumulation after tail vein administration, which was significantly reduced after 4 h, and the metabolism was rapid. The fluorescence response results of in vitro tissues further verified the difference in the distribution of nanoparticles in vivo between the accumulation of brain area after administration of Cy7-SLNs-ISG in the olfactory area and the liver accumulation after administration of Cy7-SLNs via the tail vein.Figure 8(**A**) Real-time biodistribution after administration of Cy7-SLNs-ISG in olfactory area and Cy7-SLNs via tail vein in nude mice. (**B**) Fluorescence response of different brain regions in SD rats after administration of Cy7-SLNs-ISG in olfactory area for 2 h. Red fluorescence represents Cy7-SLNs, blue fluorescence represents DAPI-treated nuclei.**Abbreviations:** Cy7-SLNs, Cyanine7 NHS ester-solid lipid nanoparticles; Cy7-SLNs-ISG, Cyanine7 NHS ester-solid lipid nanoparticles-in situ gel; DAPI, 4',6-diamidino-2-phenylindole; SD rats, Sprague-Dawley rats.

At present, it is generally believed that the pathways of nose-brain transport are mainly neural pathway, mucosal pathway, blood circulation pathway and lymphoid pathway.[@CIT0061] The neural pathway is also known as the direct pathway.[@CIT0062] The neural pathway composed of olfactory nerve and trigeminal nerve can realize the direct brain-targeted delivery of drugs, and the olfactory nerve pathway is the main pathway.[@CIT0063] [Figure 8B](#F0008){ref-type="fig"} shows the distribution of Cy7-SLNs in different brain regions after the administration of Cy7-SLNs-ISG in the olfactory region. The fluorescence response of Cy7-SLNs was clearly observed in the olfactory bulb, cerebellum and striatum, indicating that the effective nose-brain transport of Cy7-SLNs-ISG in the olfactory region was mainly through the "olfactory neuron-olfactory bulb-brain" pathway (olfactory nerve pathway).

Achieving the nose-brain transport of PAE can effectively avoid the first-pass effect of the liver and the inactivation of drug metabolism caused by complex blood environment, greatly reduce the drug accumulation in non-target organs, directly bypass the transport limitation of the blood-brain barrier, and significantly improve the bioavailability of the brain region. The accurate quantitative transport efficiency of PAE-SLNs by PAE-SLNs-ISG nose-brain transport system and the cumulative difference of PAE-SLNs in specific brain regions will be studied in programmed experiments at an appropriate time.

Conclusion {#S0004}
==========

The stability study of PAE in simulated biological samples indicated that the hepatic first-pass effect might be the cause of its low oral bioavailability. In this study, PAE-SLNs were successfully prepared by high-temperature emulsification--low﻿-temperature curing combined with ultrasound, the nano-properties of PAE-SLNs met the requirements of nano-drugs. The PAE-SLNs-ISG drug delivery system was constructed by combining PAE-SLNs with ISG based on nose-brain transport pathway. PAE-SLNs-ISG solution could rapidly respond to cations in nasal mucus to form a non-Newtonian pseudo-plastic gel, the characterization of PAE-SLNs-ISG was consistent with the preparation requirements of nasal olfactory administration. PAE-SLNs had a low level of cytotoxicity, FITC-SLNs could be efficiently absorbed, and solid lipid nanoparticles had good cellular compatibility. PAE-SLNs-ISG nose-brain transport system can effectively transport SLNs to the brain region along the "olfactory neuron-olfactory bulb-brain" pathway (olfactory nerve pathway).
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[^1]: **Abbreviations:** PAE-SLNs-ISG, paeonol-﻿solid lipid nanoparticles-in situ gel; DGG, deacetylated gellan gum; HPMC, hydroxypropyl methylcellulose; VG, ﻿glycerin.

[^2]: **Abbreviations:** DGG, deacetylated gellan gum; HPMC, hydroxypropyl methylcellulose; VG, ﻿glycerin.

[^3]: **Abbreviations:** PAE-SLNs-ISG, paeonol-﻿solid lipid nanoparticles-﻿in situ gel; PAE-SLNs, paeonol -﻿solid lipid nanoparticles; DGG, deacetylated gellan gum; HPMC, hydroxypropyl methylcellulose; VG, glycerin.

[^4]: **Abbreviations:** PAE, paeonol; PAE-SLNs, paeonol-solid lipid nanoparticles; PAE-SLNs-ISG, paeonol-solid lipid nanoparticles-﻿in situ gel.
